It is generally assumed that amino acid mutations in the surface protein, hemagglutinin (HA), of influenza viruses allow these viruses to circumvent neutralization by antibodies induced during infection. However, empirical data on circulating influenza viruses show that certain amino acid changes to HA actually increase the efficiency of neutralization of the mutated virus by antibodies raised against the parent virus. Here, we suggest that this surprising increase in neutralization efficiency after HA mutation could reflect steric interference between antibodies. Specifically, if there is a steric competition for binding to HA by antibodies with different neutralization efficiencies, then a mutation that reduces the binding of antibodies with low neutralization efficiencies could increase overall viral neutralization. We use a mathematical model of virus-antibody interaction to elucidate the conditions under which amino acid mutations to HA could lead to an increase in viral neutralization. Using insights gained from the model, together with genetic and structural data, we predict that amino acid mutations to epitopes C and E of the HA of influenza A/H3N2 viruses could lead on average to an increase in the neutralization of the mutated viruses. We present data supporting this prediction and discuss the implications for the design of more effective vaccines against influenza viruses and other pathogens.
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antigenic distance ͉ epidemic ͉ epitope vaccine ͉ evolution I nfluenza viruses infect Ϸ5-15% of the world population each year (1) . Infection leads to the production of antibodies that preferentially recognize the influenza viral hemagglutinin (HA) protein (2, 3) . Most of these antibodies neutralize influenza viruses and, hence, limit infection by binding to specific regions of HA called (functional) epitopes, which are located within presumed topologically distinct sites called antigenic sites (denoted simply by epitopes) (Fig. 1A) . Amino acid changes to HA have complex effects on viral neutralization by antibodies (4) (5) (6) . For example, the antigenic similarity (a measure of the degree to which antibodies raised against one virus neutralize another virus) between certain pairs of influenza viruses actually increases after the introduction of additional amino acid differences between the HAs of the two viruses [see, e.g., ref . 6] . This observation could be explained by positing that the additional amino acid changes compensate for preexisting amino acid differences between the viruses. However, because some of the changes in question occur in entirely distinct HA epitopes from the preexisting differences, it is possible that there is another mechanism at play. Here, we propose such a mechanism based on steric interference between antibodies (Fig. 1B) , and we discuss the implications for improving the effectiveness of influenza vaccines.
The ability of an antibody to neutralize a virus depends on the strength of the virus-antibody bond (i.e., the affinity of the antibody for the virus) and on the neutralization efficiency of the viral epitope bound by the antibody (4, (9) (10) (11) .* In the case of influenza virus, there is a simple physical explanation for such epitope dependence of viral neutralization. A large body of experimental work (11) (12) (13) (14) (15) suggests that occlusion of the receptor-binding site by antibodies bound to HA constitutes the dominant mechanism of influenza viral neutralization. Antibodies that bind to HA epitopes located at a distance from the receptor-binding site may therefore fail to occlude the site efficiently, thereby leading to a low degree of viral neutralization (4, 11, 12) . Moreover, it has been shown that antibodies that bind to a given HA epitope can prevent further binding of antibodies to other epitopes of the same HA protein (Fig. 1B) and even to epitopes found on adjacent HA proteins (13, 14) . [Note that some antibodies may neutralize influenza virus by inhibiting fusion of the viral envelope with the cellular membrane (11, 16 ).]
The above observations suggest that antibodies that bind to low-neutralization efficiency epitopes of HA might interfere with the binding of antibodies to high-neutralization efficiency epitopes, thereby impeding the neutralization of influenza viruses (Fig. 2) . This raises the intriguing possibility that the influenza virus may have evolved to decrease the probability of its own neutralization by allowing itself to be bound preferentially by antibodies that recognize low-neutralization efficiency epitopes of HA. Indeed, steric interference by antibodies that bind low-neutralization efficiency epitopes could greatly reduce the extent of mutation required for a virus to evade neutralization by host antibodies. For example, if all epitopes had high neutralization efficiencies, then, for a virus to evade neutralization, viral mutations would have to reduce the affinities of antibodies for all epitopes to such a level that only a small fraction of epitopes would be bound by antibodies (Fig. 3A) . By comparison, if some epitopes had low neutralization efficiencies, then, to evade neutralization, viral mutations would only need to decrease the affinities of antibodies for high-neutralization efficiency epitopes enough for the bound antibodies to consist predominantly of those for low-neutralization efficiency epitopes (Fig. 3B) . A corollary to this observation is that a decrease in the affinities of antibodies for epitopes with low neutralization efficiencies could lead to an increase in viral neutralization (Fig. 2 ). This in turn suggests a possible approach to designing ''low-interference'' influenza vaccines that could greatly reduce the impact of antibody interference (Fig. 3 C-E) . Rather different approaches to vaccine design are suggested by the idea of ''deceptive imprinting'' (e.g., Ref. 17) , which posits that vaccine effectiveness could be improved by limiting the antibody-induction potential of immunodominant epitopes. However, these approaches have not yet proven fruitful (18) . 
Results and Discussion
Simple Model of Interference Between Antibodies, and Implications for Viral Neutralization. Here, we consider an in vitro assay of the neutralization of an influenza virus by antibody-containing antiserum. We assume that the neutralization reaction reaches the equilibrium state and is therefore amenable to analysis by means of standard mass-action models of antibody-antigen binding (e.g., ref. 19 ). Let A i , i ϭ 1, . . . , m, denote antibody that binds to the ith HA epitope of the virus under consideration. Using the induced-fit model of antibody-antigen binding (20, 21) and assuming that the binding of antibody to an HA epitope interferes with the binding of antibodies to other epitopes of the same HA protein (13, 14) , it can be readily shown that the probability P i that the ith epitope is bound at equilibrium is given by:
where [A i ] denotes the free concentration of antibodies that bind to the ith epitope and K i is the equilibrium dissociation constant (or the reciprocal of the affinity) of those antibodies. Let A 0 denote the total concentration of antibodies found in the antiserum and f i the fraction of those antibodies specific to the ith epitope. Because the concentration of antibodies produced during influenza virus infection tends to be substantially greater than the estimated concentration of viral HA (SI Methods), we can accurately approximate the free concentration of antibodies as [A i ] ϭ f i A 0 , such that Eq. 1 becomes:
Previous experimental results suggest that the fraction of neutralized influenza viruses is described well by a sigmoidal Hill function of the average number of bound antibodies (proportional to P i for a monoclonal antibody) and that the efficiency of viral neutralization depends on the epitopes bound by the antibodies (SI Methods and Fig. S1 ). In the following, we show that antibody interference combined with such epitopedependent neutralization efficiency could explain certain puzzling aspects of the antigenic effects of amino acid changes to the HA of influenza viruses. The standard experimental method of quantifying the antigenic effects of amino acid changes to the HA of influenza viruses is the hemagglutination-inhibition (HI) assay (22) . The HI assay measures the maximum amount h (also called the HI titer) by which antiserum raised against one virus (the ''homologous'' virus) can be diluted without losing its capacity to neutralize a second virus (the ''heterologous'' virus). Neutralization is indicated by the inability of the heterologous virus to agglutinate a standardized amount of red blood cells. The normalized HI titer is given by the ratio of the HI titer obtained with the heterologous virus to the HI titer obtained with the (a) ] containing two epitopes, a high-neutralization efficiency epitope (denoted E 1) located close to the receptor-binding site, and a lowneutralization efficiency epitope (denoted E 2) located farther from the receptor-binding site. A variant of HA (a) [denoted HA (b) ] contains mutations to E 1, whereas another variant [denoted HA (c) ] also contains mutations to E2. (B) Antibodies raised against HA (a) bind to E1 of HA (c) much more readily than they bind to E 1 of HA (b) because the additional mutations to E2 remove antibody interference. Viruses carrying the more mutated HA (c) are therefore neutralized more efficiently than viruses carrying the less mutated HA (b) by wild-type antibodies. Lines emanating from the receptor-binding site indicate that the site is not completely occluded.
homologous virus. We define the antigenic similarity between two influenza viruses as the geometric mean of the normalized HI titer of each virus relative to antiserum raised against the other virus; we call this the Archetti-Horsfall measure (AHM) of antigenic similarity (6, 23, 24) . Empirical data show that the heterologous HI titer is occasionally greater than the homologous HI titer by more than a factor of 2 (the dilution factor used in the HI assay) and that the AHM of the antigenic similarity between two inf luenza viruses sometimes increases after additional amino acid changes to the HA of one of those viruses (ref. 6 and Appendix A of ref. 24) .
We propose a mechanistic explanation for the above counterintuitive observations: Consider a virus containing an HA [denoted HA (a) ] against which antibodies have been raised. Let HA (a) contain two epitopes, one (denoted E 1 ) having high neutralization efficiency and the other (denoted E 2 ) having much lower neutralization efficiency. Also, let the antibodies that bind to E 1 and E 2 be denoted by A 1 and A 2 , respectively, and let the affinities of these antibodies for their respective epitopes be given by 1/K 1 and 1/K 2 . If [A 2 ]/K 2 is greater than [A 1 ]/K 1 , then at equilibrium P 2 Ͼ P 1 (see Eq. 2), and, depending on the neutralization efficiency of E 2 , a substantial fraction of the virus could escape neutralization. Now, if a variant of HA (a) [denoted HA (b) ] differs from HA (a) by an antigenically important mutation to E 1 , then, all else being equal, the affinity of A 1 antibodies for E 1 of HA (b) would be lower than the affinity of A 1 antibodies for E 1 of HA (a) , and the fraction of antibodies bound to E 1 of HA (b) at equilibrium would decrease, resulting in lower neutralization of virus carrying HA (b) compared with the parent virus (Fig. 2) .
If in addition to the difference at E 1 , another variant of HA (a) [denoted HA (c) ] also differs from HA (a) at E 2 , then, all else being equal, the affinity of A 2 antibodies for E 2 of HA (c) would decrease, meaning that the fraction of A 1 antibodies bound at equilibrium would increase, resulting in greater neutralization of virus carrying HA (c) compared with virus carrying HA (b) (Fig.  2) . Consequently, the AHM measure of the antigenic similarity between the parent virus [carrying HA (a) ] and a virus carrying the more mutated HA (c) would be greater than between the parent virus and a virus carrying the less mutated HA (b) . Following a similar line of reasoning, the antigenically important difference at E 2 would naturally cause the HI titer of an HA (c) virus relative to antiserum raised against an HA (b) virus to be greater than the corresponding homologous HI titer, as seen in empirical data. Therefore, antibody interference could provide a mechanistic explanation for some of the puzzling empirical observations regarding antigenic similarity.
Practical Applications of the Theory of Antibody Interference. Antigenic effects of amino acid changes to A/H3N2 viruses. Here, we combine our theoretical model for antibody interference with genetic and structural data to make experimentally testable predictions for the antigenic effects of amino acid changes to the HA epitopes of influenza A/H3N2 viruses. We chose to consider A/H3N2 viruses because of the wealth of available genetic and antigenic data on the evolution of these viruses and because of their epidemiological importance. The HA of A/H3N2 viruses contains five epitopes, denoted A-E (the amino acid positions found in each of these epitopes are given in Table S1 ). Several lines of evidence suggest that epitopes A and B contain functional epitopes with high neutralization efficiencies. First, the physical locations of these epitopes on the HA protein are much closer to the receptor-binding site compared with the locations of the other three epitopes (Fig. 1 A and Table 1 ). This fact, in light of the aforementioned occlusion mechanism of antibodymediated neutralization (11, 15) , suggests that functional epitopes found within epitopes A and B could indeed have high neutralization efficiencies.
Moreover, the vast majority of HA codons predicted to be under positive selection occurs in epitopes A, B, and, to a lesser extent, D (25) . One expects the selective pressure to acquire antigenically consequential amino acid changes to be greater for epitopes with high neutralization efficiencies compared with epitopes with lower neutralization efficiencies because changes to the high-neutralization efficiency epitopes have a greater probability of effecting viral escape from neutralization. In contrast to epitopes A, B, and D, epitopes C and E, which are the furthest of the five epitopes from the receptor-binding site (Table 1) , accrue amino acid changes at a comparatively lower rate (25) , suggesting that these epitopes could have lower neutralization efficiencies. (Note that the above-mentioned pattern of positive selection could still occur if all epitopes had the same neutralization efficiencies, provided epitopes A, B, and D were much more immunogenic than epitopes C and E.) It follows from the above observations and from a consideration of the effects of antibody interference that amino acid changes to epitopes A, B, and D could lead on average to a decrease in neutralization and, hence, an increase in the antigenic distances between influenza A/H3N2 viruses, whereas amino acid changes to epitopes A and C could lead on average to an increase in neutralization (cf. Fig. 2 , with epitope A corresponding to E 1 and epitope C corresponding to E 2 ). To test these predictions, we estimated the contribution of amino acid changes to individual HA epitopes to antigenic change (Materials and Methods). We quantified antigenic change by the reciprocal of the AHM measure of antigenic similarity, whereas amino acid change was quantified by the metric of Atchley et al. (26) , denoted the A metric, and by the Hamming metric, denoted the H metric (Materials and Methods). The results (Fig. 4 and Table S2) suggest that the hypothesis that amino acid changes to (dominant) epitopes A, B, and D could lead on average to an increase in antigenic distance, whereas amino acid changes to (subdominant) epitopes C and E could lead on average to a decrease in antigenic distance cannot be rejected at the 95% confidence level. Thus, changes to epitopes A, B, and D could be highly favored by natural selection, whereas changes to epitopes C and E could be disadvantageous to influenza viruses.
In addition, the results suggest that nonepitopic sites and sites that do not belong to any of the five epitopes of HA but are nevertheless experimentally confirmed targets of monoclonal antibodies (Table S1 ) do not make a significantly positive contribution to antigenic change. The latter sites are also located further from the receptor-binding site than epitope E ( Table 1 ), suggesting that they could have lower neutralization efficiencies than the dominant epitopes. Similar results were obtained when the computed genetic distances were normalized to account for differences in the number of amino acid positions found in each epitope and when genetic distances were quantified by using other popular metrics ( Table S2 ). Note that when we summed the number of amino acid changes to all low-neutralization efficiency epitopes (A, B, and D) and the number of amino acid changes to all high-neutralization efficiency epitopes (C and E), we found a statistically significant (P Ͻ 0.05) antagonistic interaction between changes to the low-and high-neutralization efficiency epitopes. Although this result is consistent with the above predictions, it relies on the assumption that the interaction between changes to low-and high-neutralization efficiency epitopes is multiplicative.
Amino acid changes responsible for transitions between viral antigenic
clusters. A previous empirical study (5) of the evolutionary dynamics of influenza A/H3N2 led to the intriguing observation that whereas the genetic evolution of the virus is continuous, its antigenic evolution is characterized by discontinuous transitions between clusters of antigenically similar viruses. The transition from one antigenic cluster to another (containing viruses capable of escaping from induced antibodies) was generally associated with amino acid changes to two or more HA epitopes but, occasionally, with a single amino acid change. The results of the preceding section suggest that cluster transition should be favored by amino acid changes to epitopes with high neutralization efficiencies, but disfavored by changes to epitopes with low neutralization efficiencies. To test this hypothesis, we quantified the correlation between amino acid changes to individual epitopes of HA and transitions between each pair of temporally adjacent antigenic clusters K and KЈ, where KЈ is the cluster that replaced K (Materials and Methods).
The results (Fig. 5) show that amino acid differences at epitopes A and B correlate positively with transitions from K to KЈ. In contrast, transitions from K to KЈ are negatively correlated with amino acid differences at epitopes D and E, at epitopic sites that do not belong to any of the five epitopes of HA, and at sites not known to be bound by antibodies. The effect of amino acid differences at epitope C on cluster transitions could not be quantified accurately. With the exception of epitope D, the observed effects of amino acid differences are consistent with results presented in the preceding section and with the predictions of our antibody-interference model. Similar results were Table S1 for additional details).
obtained when the number of amino acid differences at each epitope was adjusted to account for differences in the lengths of individual HA epitopes (Fig. S2) .
Conclusion
We have argued that antibodies that bind to influenza virus HA epitopes located at a distance from the receptor-binding site could be less efficient at occluding the site (and hence at effecting viral neutralization) than antibodies that bind closer to the receptor-binding site. Importantly, the antibodies that bind at a distance from the receptor-binding site could sterically interfere with the antibodies than bind closer to the receptorbinding site (13, 14) , thereby impeding viral neutralization. We suggested that the deleterious effects of such antibody interference on viral neutralization could explain some puzzling aspects of the observed antigenic effects of amino acid changes to HA epitopes. As an example, we predicted that amino acid changes to epitopes C and E of the HA of influenza A/H3N2 viruses would lead on average to a decrease in the antigenic difference between A/H3N2 viruses. We showed that existing genetic and antigenic data on A/H3N2 virus evolution support this prediction.
Considering the enormous evolutionary potential of influenza viruses it is possible that the antibody-interference mechanism described above has been exploited to destructive effect by these viruses, particularly as a means to escape from antibodies induced by prior infection and/or vaccination. Experimental studies of antibody interference aimed at the design of more effective, ''low-interference'' influenza vaccines may therefore be of value. For example, the HA of vaccine strains could be mutated in all regions except those that contain epitopes with high neutralization efficiencies (e.g., epitopes A and B of A/H3N2 HA). Such a vaccine would still raise antibodies against low-neutralization efficiency epitopes (e.g., epitopes C and E of A/H3N2 HA), but these low-neutralization efficiency antibodies would not interact with the target wild-type virus strains (Fig. 3  C-E) . Alternatively, influenza vaccines could be designed to include only those regions of HA that correspond to epitopes with high neutralization efficiencies. Peptide-based influenza vaccines were proposed (27) , but there has been little focus on peptides that correspond to epitopes with high neutralization efficiencies. Furthermore, antiinfluenza viral drugs could be designed to include HA proteins carrying modifications to high-neutralization efficiency epitopes; these modified HA proteins would compete with virus for binding to low-neutralization efficiency antibodies in a manner akin to the role played by neuraminidase inhibitors (28) .
Because the antibody-interference mechanism described here is general in nature it could have implications for the evolution, neutralization, and management of other pathogens, including HIV type 1, for which there is evidence of competition between antibodies with different neutralization efficiencies (29) . It is worth noting that our analyses of influenza viral neutralization were based on in vitro experimental data. Research needs to be done to determine precisely how much information these data provide about the neutralization of influenza viruses in vivo. Also, note that we did not account specifically for amino acid changes to HA resulting from interactions between HA and other viral proteins. The most important of these interactions, involving the viral neuraminidase protein (3), would most likely result in amino acid changes occurring primarily at the receptorbinding site of HA, and not at the epitopic sites that were of interest to us. (Note that HA must not bind to its receptor so strongly that the HA-receptor bond cannot be cleaved efficiently by the influenza viral neuraminidase protein.)
Materials and Methods
Quantifying the Antigenic Effects of Amino Acid Changes. We quantified the antigenic effects of amino acid changes to individual HA epitopes by using the linear model log2(rAHM ab ) ϭ Αi␤id i ab , where rAHM ab denotes the reciprocal of the AHM measure of the antigenic similarity between viruses a and b (a measure of antigenic distance) (23) , d i ab is the genetic distance between the ith epitope of the HAs of a and b, ␤i is the antigenic effect of genetic changes to the ith epitope, and is the residual. We used 72 pairs of influenza A/H3N2 viruses (Tables S3 and S4) 
Regression coefficient
Effect of amino acid changes on probability of cluster transition Fig. 5 . Correlation between amino acid differences at individual HA epitopes and transitions between 10 pairs of temporally adjacent influenza A/H3N2 viral antigenic clusters. The correlation between amino acid differences and the transition from antigenic cluster K to KЈ was quantified as described in Materials and Methods. In the figure, a positive regression coefficient indicates that an increase in the number of amino acid differences at the associated epitope increases the probability that a given virus belongs to KЈ. Error bars indicate standard errors of estimated regression coefficients, and they were computed by assuming that the number of viruses belonging to either cluster K or KЈ is binomially distributed. A, B, C, D, E, O, and N are defined in the legend of Fig. 4 . times, and (ii) assuming that log2(rAHM ab ) ϭ N(Αi␤id i ab , ), where denotes the standard deviation of antigenic distances and N denotes the Gaussian distribution.
Quantifying the Effects of Amino Acid Changes on Transitions Between Antigenic Clusters. We compiled the HA amino acid sequences of influenza A/H3N2 viruses belonging to 11 antigenic clusters (ref . 5 and Table S5 ). For each pair of temporally adjacent antigenic clusters K and KЈ, with KЈ the cluster that replaced K, we computed the number of amino acid differences, epitope by epitope, between the HA sequence of each virus and the consensus sequence of K. For each virus, we normalized the computed number of amino acid differences by the total number of amino acid differences between the viral HA sequence and the consensus sequence of K. We then used logistic regression to quantify the effect of amino acid differences at each epitope on the probability that the virus belongs to either K or KЈ.
